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Over the past decade,wehave applied laser ablation ICPmass spectrometryU-series analysis to a large number of
bones and teeth. The method is fast and provides high-resolution data of U-series isotopes, which give insights
into the complexity of uranium migration into, within and out of bones. In this paper, we present our laser
ablation approach in detail, from the experimental set up, to data reduction and uranium diffusion modelling.
Laser ablation analysis can now be appliedwithminimum damage. Complete diffusion data sets can be obtained
by laser drilling which leaves a hole of around 200 μm in diameter and 1–2 mm depth. If the natural U-diffusion
follows a simple single-stage process, valuable age information can be obtained. In other cases, highly complexU-
migrations have been observed, which make any age assessment impossible. Two examples from Wadjak and
Callao illustrate the potential of nearly non-destructive laser ablation U-series analysis of human skeletal tissues.
The results demonstrate the physical presence of modern humans in south-east Asia at a time when our species
just started to migrate into Europe.

Crown Copyright © 2014 Published by Elsevier B.V. All rights reserved.
1. Introduction

Over the past decade, we have carried out a large number of U-series
analyses on bones and teeth in our laboratory using laser ablation ICP
mass spectrometry, including the analysis of important human fossils
(Grün et al., 2005 2006a; Smith et al., 2007; Grün et al., 2008; Mijares
et al., 2010; Raynal et al., 2010; Aubert et al, 2012; Storm et al., 2013).
While some of these studies have contributed to revisions in the chro-
nology of human evolution, particularly a much earlier dated appear-
ance of modern humans in Asia (Mijares et al., 2010; Storm et al.,
2013), other U-series results on bones remain controversial, e.g. those
on Mungo 3 (Thorne et al., 1999; Bowler and Magee, 2000; Gillespie
and Roberts, 2000; Grün et al., 2000; Bowler et al., 2003).

In this paper, we provide a short review of U-series analysis of fossil
bones and teeth and describe our analytical procedures in detail. This
paper aims not only to outline the potential of this method but also to
emphasise the complexity of U fluxes into, out of, and within bones.

U-series dating has been widely applied in Quaternary science. It is
particularly powerful when dating corals (e.g. Edwards et al., 1987a,b;
Bard et al., 1998; Stirling and Andersen, 2009a, 2009b; McGregor
et al., 2011) and speleothems (e.g. Beck et al., 2001; Scholz and
Hoffmann, 2011; Drysdale et al., 2012). Both materials are commonly
closed systems and U-series can provide highly precise and accurate
age estimations. Speleothems are also suitable for U-Pb dating, which
has been successfully applied to samples of Quaternary age and older
(Richards et al., 1998; Woodhead et al., 2006, 2012; Pickering et al.,
61 2 6125 2488.
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2010; Bajo et al., 2012). While corals are rarely associated with archae-
ological or palaeoanthropological remains, speleothems are occasional-
ly directly associated with fossil human remains, e.g. calcite or calcrete
incrustations were found on the human fossils at Petralona (Liritzis,
1980, 1982; Shen and Yokoyama, 1984), Guattari (Schwarcz et al.,
1991), Singa (McDermott et al., 1996) and Liujiang (Shen et al., 2002).
More often, speleothems are dated to provide upper and lower age
limits for materials deposited between the calcitic layers (Blackwell
et al., 1983; Gopher et al., 2010), as well as the younger age bracket
for rock art (Pike et al., 2012; Taçon et al., 2012).While bones can be re-
liably dated at best up to 55 ka with radiocarbon (Higham et al., 2006;
Jacobi et al., 2006, 2009; Higham, 2011), provided no diagenetic
deproteination has occurred, it is difficult to provide chronologies for
many older archaeological/palaeoanthropological sites. Optically stimu-
late luminescence (OSL) has recently been developed to a point where
reliable dating of sediments seems possible back to several hundreds
of thousands of years (Jacobs, 2008; Wintle, 2008). In palaeoanthro-
pological studies, it has often turned out that the associations between
the material that was actually analysed and the human fossils, whose
age was supposed to be ascertained, were less than secure, either
because human and/or supposedly associated material was reworked
or because the humans were buried. In those circumstances, it would
be best to analyse the human bones directly to ascertain their ages
(Grün, 2006).

2. U-series dating of bones

It is well known that bones and teeth are highly susceptible to open
system conditions for U. Samples that show open system behaviour are
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usually not used for dating analyses. Nevertheless, over the past fifty
years there have been many attempts in U-series dating of bones
using a variety of analytical strategies because of its potential to date
samples as old as 400,000 years. Modern bones and teeth contain very
A

B

Fig. 1. Laser ablation tracks and mapping of elemental U. A: In a mode
low concentrations of U (Fig. 1A), whereas archaeological specimens
may contain several hundreds of ppm U (Fig. 1B) (see also Tandon
et al., 1998; Iyengar and Tandon, 1999). For dating, the temporal uptake
of U has to be reconstructed. If U-uptake is the dominating geochemical
rn Neanderthal (RG). B: A Neanderthal tooth from Payre, France.



Fig. 2. The general effects of U-isotope mobilisation on apparent U-series age estimates.

Fig. 3. Uranium concentration (A) and apparent U-series ages (B) in a bone cross section
predicted by the Diffusion–Adsorption (D–A) model (after Pike et al., 2002).
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process (as observed by the simple fact that archaeological bones have
higher U-concentrations than modern bones) an apparent U-series
age (based on a closed system assumption) would underestimate the
correct age of the bone (Fig. 2). The samewould apply if Thwas leached
from the bone. There are, however, no observations implying that Th-
loss takes place in nature. If U is leached from the bone (after an initial
uptake phase), the apparent U-series age may overestimate the correct
age; the same applies if the bone contains detrital 230Th. The latter can
be detected by the presence of 232Th.

In principle, the combination of ESR and U-series methods can be
used to solve for age and U-uptake (Grün et al., 1988; Grün and
McDermott, 1994). However, ESR dating has a series of problems un-
related to U-uptake, in particular with respect to the dose response,
thermal stability and interactions of the different types of CO2

– radicals,
which are at present unresolved (Joannes Boyau and Grün, 2011). In
this paper, we focus on progress of dating skeletal tissues with U-series.

2.1. Early studies

In one of the first applications of U-series dating, Cherdyntsev et al.
(1963) reported results of bones from Mousterian sites. While some
samples yielded reasonable age estimates, others showed signs of an
open system behaviour for U. In the years to follow, U-series results
were rarely reported from archaeological sites because it had become
clear that buried faunal remains experience U-migration, mainly
uptake, thus diminishing the reliability of the derived age results.

2.2. Early and linear U-uptake

Ikeya (1982) introduced parametric models to account possible U-
uptake scenarios: Early uptake corresponds to a closed system; linear
U uptake assumes that there has been continuous U migration at a
constant rate into the skeletal tissue. A linear uptake U-series age is ap-
proximately twice the early uptake age. The latter found great favour in
the ESR dating community, but was only rarely applied in U-series
studies (Bischoff et al., 1995). The main virtue of the two systems is
that age calculations are straight forward. However, there is little
evidence that linear uptake results in reliable age assessments (Grün,
2009).

2.3. Surface analyses

In 1986, Rae and Ivanovich reported the apparently successful
application of U-series dating to bone (see also Rae et al., 1987a,b).
Their dating model was based on the following assumptions: the U-
concentration near to the outside of a bonemay reach saturationwithin
a short time compared to the age of the sample. When U decays to Th
the latter remains fixed in its place which is geochemically a reasonable
assumption. It was proposed that any later accumulated U passes
through the saturated zone and hence, the closed system U-series age
was a good approximation to the true age. However, a subsequent
study by Rae et al. (1989) cast doubt on the validity of that simple
model.
2.4. Combining Th/U and Pa/U analyses

Combining 230Th/234U and 231 Pa/235U allows the simultaneous esti-
mation of the U-uptake history and age of the samples (Grün et al.,
2010a). While gamma spectrometric measurements are attractive be-
cause all isotopes can be measured simultaneously and completely
non-destructively (e.g. Simpson and Grün, 1998; Yokoyama et al.,
2008), the errors in gamma spectrometric measurements are usually
too large to arrive at meaningful age assessments (Grün, 2006). Using
thermal ionisation mass spectrometry (TIMS), age estimates even
beyond the conventional limits of U-series are theoretically possible
(Grün et al., 2010a).

Chen and Yuan (1988), working on Chinese archaeological sites and
Leitner-Wild and Steffan (1993) on bones from Alpine caves, came to
the conclusion that it was possible to obtain reliable age results (in com-
parison with radiocarbon) by measuring 230Th/234U and 231 Pa/235U ac-
tivity ratios on bulk samples. The latter study concluded that the U
migrated into the sample within a few thousand years, and afterwards
remained unchanged. In contrast, Bischoff et al (1988) carried out an in-
tensive dating study on samples from Tournal Cave and concluded that
neither bone nor tooth enamel resultswere consistentwith stratigraph-
ic position or independent 14C control. This also applied to samples
where similar 230Th/234U and 231 Pa/235U ages had implied a closed
system and therefore supposedly reliable results.
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2.5. Diffusion models

The open system models described so far do not consider the de-
tailed spatial distribution of U-series isotopes within a bone. This was
simply because most of these measurements were carried out with
methods that do not provide any such spatial information (gamma
spectrometry) or required large sample volumes (alpha spectrometry).
With the advent of TIMS U-series analysis, it became possible to analyse
small subsamples across a bone profile (e.g. Pike, 2000; Pike et al.,
2002). Here, sample preparation and measurement times became the
most limiting factors against obtaining high resolution data. The intro-
duction of laser ablation U-series analysis (Eggins et al., 2003, 2005)
permitted the measurement of a significant number (10 to 30) of U-
series analysis along bone profiles within short times (less than 5 min
per U-series analysis). TIMS and laser ablation analyses led to the devel-
opment of experimentally based U-diffusion models.

2.5.1. The diffusion–adsorption (DA) model
Themechanism of U uptake in bones and teeth is governed by diffu-

sion of uranyl (UO2
2+), followed by adsorption onto the large surface

area of the bone mineral hydroxyapatite (Millard, 1993; Millard and
Hedges, 1996; Pike, 2000; Pike et al., 2002). The diffusion–adsorption
(DA) model of these authors predicts the spatial distribution of U-
series isotopes across a bone or tooth enamel section. It is based on lab-
oratory experiments and assumes (i) continuous diffusion of U from the
outside of a bone or tooth towards the interior, (ii) that the partitioning
between the bone and solution (groundwater) is constant over time,
and (iii) that the U concentration in the solution remains unchanged

image of Fig.�4
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over time. The bone is treated as a homogeneous medium. Under con-
stant conditions, the cross sections of bones that conform to the DA
model are expected to have both u-shaped U-concentration and appar-
ent U-series age profiles (Fig. 3), with the apparent ages at the surface
being closest to the correct age of the sample, similar to the assumptions
of Rae and Ivanovich (1986). Deviations from such ideal profiles can be
explained either by leaching or changes in the U concentration in the
solution.

The DAmodel assumes a relatively short initial phase of U equilibra-
tion that leads to the distribution of U-concentrations that is measured
today and a certain pattern in the U-series ages across the bone. The
duration of the equilibration phase depends on the so-called D/R
ratio, which is a measure of the rate of diffusion (D is the diffusion coef-
ficient and R the partition coefficient for U and bone). Large D/R ratios
(e.g. 10−12) lead to low U-concentrations, but a fast equilibration (i.e.
the U-series ages across the bone are all very similar). Small D/R values
(e.g. 10−14) lead to highU-concentrations and pronounced u-shapedU-
series age profiles. After the equilibration phase, any further diffusion
becomes irrelevant for age calculations, as long as the conditions that
led to equilibration are maintained (Pike, 2000, p.120).
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2.5.2. The diffusion–adsorption–decay (DAD) model
Recently, we developed a modified DA system that models the

simultaneous diffusion of 238U and 234U with the subsequent decay of
234U (diffusion–adsorption–decay, DAD, model, Sambridge et al.,
2012). The main difference between the DA and DAD models is that
the DA model assumes closure after an initial equilibration (see
above), whereas the DAD model assumes continuous diffusion of U.
This affects how 234U excess is modelled in the simulation of U-
diffusion and age calculation.

Excess of 234U refers to the fact that most natural waters have higher
234U than 238U activities (e.g. chapter V in Cherdyntsev, 1971), caused
by alpha recoil of the decaying 238U atoms. When an alpha particle is
emitted, the decaying atom recoils, which in turn leads to a weakening
of its lattice position. Dissolution of minerals starts preferentially at
weakened lattice sites; as a consequence, these solutions are enriched
with 234U. Also, a recoiled atom can be directly ejected from themineral
surface into the solution. This process is ongoing, and lacking any
evidence to contrary (see below), one has to assume that the natural
waters in the vicinity of a bone have constant 234U/238U activity ratios
over time (unless noted otherwise, all isotopic ratios in this paper are
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activity ratios). In closed systems, U-series ages are calculated from the
measured 230Th/234U and 234U/238U ratios and the simultaneous solu-
tion for age and initial 234U/238U ratio.

In the DA model, it is assumed that after the phase of equilibration,
any excess 234U will decay away; thus, DA age calculations are based
on a quasi closed system, requiring the determination of an initial
234U/238U ratio at each data point. In contrast, the DAD model assumes
that U-diffusion is an ongoing process. As a result, the 234U/238U ratio
at the surface of the bone is assumed to be constant over time, as the in-
terface continuously equilibrates with the 234U/238U ratio in the U
source (usually porewaters).Whilst diffusing into thebone 234U decays,
and the 234U/238U ratio in a given volume within the bone becomes a
function of the diffusion rate decreasing with distance from the surface.
Because of the continuous resupply of 234U, the 234U/238U ratios remain
constant in each given volume. For modelling, the DAD model requires
the determination of the 234U/238U ratio of the U source. This value is
derived from fitting of the measured 234U/238U ratios across the bone.
In contrast to the DA model, the U-concentration distribution in the
bone is not part of the fitting procedure.

Fig. 4B shows the distribution of 234U/238U and 230Th/234U ratios for a
given time, but different diffusion rates. The latter is expressed by the D/
R ratio (defined in the same way as for the DA model; Millard, 1993;
Sambridge et al., 2012). The 230Th/234U ratio profiles are more convex
than those of the 234U/238U ratio, because of the much longer half-life
of 234U over 230Th of 245.2 ka and 75.7 ka, respectively (Cheng et al.,
2000). If the diffusion rate is fast, both 234U/238U and 230Th/234U profiles
are flat. The profiles become more pronounced at slower rates because
more of the 234U will have decayed before reaching the centre of the
bone and less 230Thwill have been produced there. Fig. 4C shows the de-
velopment of 234U/238U and 230Th/234U ratios over time at a constant
diffusion rate. The 234U/238U ratios change in a given volume inside
the bone. It is interesting to note that all 234Th/234U vs 234U/238U data
points for a sample with given age lie on a single function, regardless
of the diffusion rate (Fig. 4D). A closed system age will form a single
data point; the lower the diffusion rate, the more drawn out the data
points become. For 234U/238U N 1, this function has a positive slope.
This behaviour can be used in the interpretation of bone data to assess
whether certain domains in a bone are dominated by U-diffusion, U-
leaching, or secondary U-overprint (see below).

In principle, the DAD model provides two dating systems. While
234U diffuses into the bone, a certain number of atoms decay. The mea-
sured 234U/238U ratio for a given volume inside the bone provides infor-
mation of how long it took for the U to arrive at that locality. An
apparent 234U/238U age can be easily calculated from the initial (out-
side) and measured (inside) 234U/238U ratios. The measured 230Th/
234U ratio in the same volume is a measure for how long U has decayed
in that volume. 230Th/234U age calculation in a given volume does not
require an estimation of an initial 234U/238U value, as 234U is continuous-
ly resupplied, i.e. the 234U/238U value is constant over time and an age is
calculated straight from the 230Th/234U ratio. In that way, the 234U/238U
and 230Th/234U distributions along a cross-section become intertwined.
Indeed, in artificially generated data sets, the sum of calculated diffusion
ages from the 234U/238U ratios and apparent ages from 230Th/234U ratios
for a given volume comes close (within around 10%) to the DAD result
for a whole data set. The great potential of this approach is shown in
Fig. 5: in the enamel of sample 2968, the 234U/238U ratio decreases
from a value of 1.335 ± 0.004 near the dentine enamel junction to
1.054 ± 0.006 near the surface. This results in an age of 646 ± 40 ka
Table 1
Faraday cup and ion counting array employed for U-series analysis using the NeptuneMC-
ICPMS.

CDD1 L2 SEM H1 H2

230Th 232Th 234U 235U 238U
using the Isoplot program (Ludwig, 1999). This means that samples
exhibiting slow diffusion rates could be dated past the limit of conven-
tional U-series dating, which is around 600 ka.

Note that a combination of a flat 234U/238U profile (indicating fast
diffusion) and a u-shaped 230Th/234U profile (indicating slow diffusion)
is not permitted by the underlying assumptions of the DAD model.
Many of the samples we havemeasured so far show only small changes
in the 234U/238U across bones indicating that U-diffusion processes are
relatively fast. However, many 230Th/234U profiles in bones do not
match the 234U/238Udata, indicating frequent violations of the boundary
conditions though secondary U overprints or U leaching. In such cases,
unsuccessful DAD calculations permit further insights into the more
complex U-mobilisation histories (discussed below).

While there are only small differences between DA and DAD age
calculations for young bones (b50 ka), older samples give very dis-
crepant results. For example, sample B52, a bone from the palaeo-
anthropological of Jingnuishan (Chen and Yuan, 1988; Chen and
Yinyun, 1991; Chen et al., 1994) yielded a mean DA age of 240 ka (see
Fig. 6A in Pike et al., 2002). The same data set results in a mean value
of around 400 ka using the DAD model.

There is only sparse direct evidence for verifying the underlying
assumptions of theDA (becoming a closed system shortly after an initial
uptake phase) and DAD (continuing diffusion) models, because there
are very few samples that can be independently dated. The radiocarbon
dating range is insufficient to find conclusive evidence because the
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differences between the systems at 50 ka are minimal and obscured by
the scatter of the data. Evidence from old samples is mixed. We have
thus far analysed only one old sample where the U isotopes were in
equilibrium: a tooth of a Palimnarchus (an extinct crocodile) from Cud-
die Springs yielded both 234U/238U and 230Th/234U ratios of around 1.05
(Grün et al., 2010b), indicating that the system had remained closed for
a considerable time. On the other hand, Duval et al. (2011a) carried out
high resolution U-isotope mapping of a horse tooth from Fuente Nueva
3,which had a geological age of greater than 1.07Ma. In this tooth, equi-
librium only occurred between domains that showed continuing U-
uptake and those showing U-leaching. U-mobilisation in that tooth in-
volved continuous uptake from the outside, redistribution of uranium
within the tooth and leaching from the tooth. Furthermore, the mea-
sured 234U/238U ratios of around 1.8 would imply an unreasonably
high initial ratio of N14 had the system become closed some million
years ago. Similar observations were made on a series of other old
teeth from Spain (Duval et al., 2011b, 2012). At the site of Garba III (de-
scribed in detail below) we found that old teeth had several overprints
at very recent times, and these had different 234U/238U ratios from ear-
lier U-uptake episodes. The only enamel section that seems in equilibri-
um (2957 Track 2, see below) has 234U/238U ratios of around 1.1 and
230Th/234U ratios of 0.99, adding support for the DAD model.

Regardless of the model applied, U-series dating results are most
likely minimum age estimates. This is particularly true in areas where
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the geochemical setting suddenly changed some time after the initial
deposition of sediments, e.g. through erosion by rivers. U-mobilisation
may occur at a very late stage of the burial history of a tooth or bone.
Some samples may still contain domains that indicate an earlier U-
uptake, whereas in other samples an original isotopic signature may
have been completely overprinted. For example, a large number of sam-
ples from Kangaroo Island consistently yielded apparent Holocene U-
series ages. A detailed investigation using ESR, OSL, and gamma spec-
trometry found, however, that the site was older than 50,000 years
(Grün et al., 2006b). Only one tooth contained domains where an
older U-uptake (N50 ka) could be identified.
3. Experimental

3.1. Equipment

Elemental U, Th andU-series isotope analyses in the examples of this
study were carried out at the Research School of Earth Sciences, The
Australian National University. U-series isotope analyses were conduct-
ed by multi-collector inductively coupled plasma mass spectrometry
(MC-ICPMS), using both solution based and laser ablationmode sample
introduction. Semiquantitative analyses of U and Th concentrations
were achieved simultaneously by reference to external standards. De-
tails of the instrumentation and analysis procedure have beenmodified
from those reported in Eggins et al (2005) and earlier publications cited
therein. This follows installation of a NeptunePLUS MC-ICPMS instru-
ment (specifically for solution-based isotope analysis) and upgrading
of the original Neptune MC-ICPMS instrument with multiple ion coun-
ter capabilities and a higher sensitivity interface configuration (for
more sensitive laser ablation isotope analysis).

The new NeptunePLUS MC-ICPMS instrument comprises a standard
9 Faraday cup array, with an axial SEM, and is fitted with a large dry in-
terface pump for enhanced sensitivity. The upgraded Neptune instru-
ment houses an equivalent 9 Faraday cup array with an axial SEM, and
is fitted with a large capacity rotary pump combined with a Jet sample
cone to deliver up to a factor of two sensitivity improvement compared
to the performance specified in earlier publications. The multiple ion
counting capabilities of the Neptune MC-ICPMS include the original
fixed position SEM, which is located on the fixed centre mass position,
and two moveable compact discrete dynode electron multipliers
(CDDs). One CDD is located on the low mass side of Faraday cup L3
and the other on the high mass side of Faraday cup H4. The low-mass
side CDD is used to measure 230Th, 234U is measured simultaneously in
the central SEM, while the more abundant isotopes 232Th, 235U
and 238U are measured by the Faraday cup array. This detector configu-
ration (Table 1) facilitates static measurement of the U-series isotopes
230Th-232Th-234U-235U-238U, and also permits dynamic measurement
of tailing contributions at half mass positions either side of measured
230Th and 234U intensities in the presence of large 232Th and 238U ion
beams, if required. Typical tailing contributions at mass 230 and mass
234 are b0.2 ppm and b1 ppm of the measured signal intensity of the
238U beam.

Laser sampling employed either Lambda Physik Compex 110i
or Lambda Physik LPFPro ArF excimer laser sources with wavelength
of λ = 193 nm. Both laser sources are coupled to the Neptune MC-
ICPMS instrument through ANU-designed Helex ablation cells, and are
set up to deliver similar lasing conditions. In each case, a large format
(25 × 8 mm) beam exiting the laser is used to illuminate a rotary
wheel that contains apertures of varying shape and dimensions. In
this study only circular apertures were used. The image of the aperture
is then projected and demagnified 30 times (Compex 110i) or 19 times
(LPFPro) onto the targeted sample surface via a long working distance
triplet lens that is coated for λ = 193 nm operation. The resulting
laserfluence applied to the sample surface is typically 4–6 J/cm2 and rel-
atively uniform due to sampling of the Gaussian top of the beam by the
aperture imaging optics. This fluence equates to a power density of ~0.2
GW/cm2. The beampath is almost fully enclosed and flushedwith high-
purity N2 from a liquid N2 boil-off source to reduce ozone formation and
resulting loss of beam intensity through absorption in the beam path. A
small section of the beam path is open to air between the objective lens
and the cell window, to facilitate sample viewing through the cell
window and sample cell motion under computer control.

TheANU-designedHelex laser ablation cells has a large (100×100mm)
sampling holding volume (~500 cc) within which a smaller conical
shaped ablation volume (~8 cc) is moved across the top surface of the
sample holder. Laser sampling is conducted in a high purity He atmo-
sphere to maximise the sample yield during laser ablation and thereby
the analytical sensitivity, by a factor of 3 to 4 times relative to ablation in
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Ar gas (Eggins et al., 1998). The He atmosphere is provided by a 500 cc/
min flow of He gas that is split between the large volume and the top of
the conical volume, which is sealed against thewindowof the large vol-
ume cell. TheHeflowexits theHelex cell near the base of the conical cell
so that all ablation products captured by the gas flow are removed rap-
idly from the cell. This configuration provides a large sample holding ca-
pacity yet very short residence time within the cell for ablated sample
material, which is a necessity for high spatial resolution analysis. The
ablated sample material transferred from the cell via nylon tubing
(1.8 mm ID) in the recombined (500 cc/min) He flow. After exiting
the cell, a 0.85–1.0 l/min flow of high purity Ar is added to the sample
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following cessation of laser ablation, is approximately an order of mag-
nitude per second, for the first 3–4 orders of magnitude. A shallow
decay curve is often then observed that occurs in response to interface
memory effects and slower washout of ablated sample from the conical
cell volume when very large ablation spots (N200 μm in diameter) are
employed. The latter results in expansion of the laser ablation plume
following each laser pulse into the upper part of the conical cell volume.
Variations in the amount of added Ar are used to optimise instrument
performance and depend on torch position and injector diameter. A
small amount of the diatomic gas N2 is added to enhance sensitivity
and minimise inter-element fractionation (specifically Th/U) through
the modification of ICP conditions.

U and Th concentrationswere derived from repeatedmeasurements
of the SRM NIST610 glass (U = 461.5 ppm; Th = 457.2 ppm; Pearce
et al., 1997), and U-isotope ratios from repeated measurements of rhi-
noceros tooth (see below). Until late 2011, theANUNeptunemass spec-
trometer had only a single ion counter for the measurement of both
230Th and 234U. As a consequence, U-series analysis contained two sep-
arate measurements, one for the 230Th/238U ratio, and another one for
the 234U/238U ratio. When U-series data were derived from spot analy-
sis, two closely adjacent holes were drilled (see e.g., Aubert et al.,
2012). The 234U/238U ratios usually change little within a bone, so that
this analytical approach does not introduce any significant additional
errors when compared to laser ablation analyses using multiple ion
counters (e.g. Hellstrom, 2006: Grün et al., 2010b; Duval et al., 2011a).

3.2. Set up and tuning

Laser sampling was conducted by ablating large diameter spots
(178 μm) for a period of 40–60 s at a laser pulse rate of either 5 or
10 Hz and applied fluence at the sample target surface of ~5 J cm−2.
These laser sampling conditions result in an ablation rate of ~1.5 μm
s−1, yielding an ablated sample volume of 2.5 106 μm3, or about 5 μg
of enamel or dentine for each analysis. Unknown analyses were made
at regular spacing (typically 2 or 3 mm) along traverses that were
computer programmed across regions of interest on cut tooth or bone
sections. Each transect typically consists of between 10 and 30 laser
spot analyses. The transects are bracketed by measurements of the
reference standard to correct from instrument drift.

3.3. Standard

For laser ablation analyses it is of great importance to have amatrix-
matched standard. We use a section of a rhinoceros tooth from Hexian,
China (sample 1118, see Grün et al., 1998). A section of the tooth was
cut; one side was used as standard for laser ablation, and the other
was used for repeated U-series solution analysis. The solution data
showed that dentine of sample 1118was not entirely homogeneous be-
cause the average values yielded larger errors than expected from re-
peated analyses (N = 8) of a homogeneous sample. The average
isotopic ratios of sample 1118 are: 230Th/238U = 1.3015 ± 0.0132 and
234U/238U = 1.2798 ± 0.0041. When measuring this standard with
laser ablation, it is important that the measurements cover the whole
area of the standard; otherwise, the results become biased. For this rea-
son, all measurements over ameasurement session are combined. Fig. 6
shows the results from a session on July 2013. Each standard measure-
ment cycle consists of three individual spots; subsequent cycles are
spread over the whole standard. Due to the large number of measure-
ments (N = 83), the error in the mean (2 − σ) is reasonably small,
around 1% for 230Th/238U and 0.2% for 234U/238U. If significantly fewer
measurements are carried out, the error increases rapidly. The com-
bined error of the solution and laser ablation measurement is in com-
mon with all samples measured in a session (here 1.36% for 230Th/
238U and 0.39% for 234U/238U). The common error has to be taken into
account when fitting the data in the DAD model (Sambridge et al.,
2012).

3.4. Sampling strategies

Ideally, U-series analyses are carried out across bones to apply the
DA or DAD diffusion models. This is not always possible, particularly
when only cancellous bones are available. U-series data can be collected
along continuous tracks, in discrete spots or by laser drilling into the
sample.

In our earlier studies, samples were analysed along continuously
measured tracks (e.g. Grün et al., 2008). At one stage, differences of up
to 3% in the measured 230Th/234U ratios were detected depending on
the direction of the laser tracks in the sample cell. This could not be
reproduced in later tests and was most probably due to inhomoge-
neities in the standard or sample. However, to alleviate any potential
problems relating to the relative motion of the sample in the ablation
cell during isotope measurement, we switched to spot-analyses,
which do not require any movement. When measuring spots there is
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Fig. 15. The results for Wadjak bones with OxCal v.4.1.6 (Bronk Ramsey, 2009a, b). The pale probability distribution represents the unmodelled date and the darker distribution the
modelled date. Each distribution is given with 68.2 and 95.4% ranges (from Storm et al., 2013).
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a clear trend of increasing 230Th counts with ablation depth, resulting in
changes in the 230Th/238U ratios (Fig. 7B). This does not apply to tracks
(Fig. 7A). This effect can be explained by a process where after the
vaporisation of thematerial by the laser, a small amount of Th is imme-
diately condensed on the surface of the ablation pit. With increasing
laser exposure, this deposited Th is re-ablated; thus, Th becomes
enriched during repeated cycles of deposition and re-ablation. In spot
analysis, this problem is overcome by using a matrix matched standard
and integration over the whole spot measurement. However, the con-
tinuous measurement of 230Th/238U ratio along tracks is compromised
when 230Th counts are rapidly changing, for example, when running
across pores or cracks filled with sediment.

For all measurements, any surface contamination is removed by a
cleaning run with a larger laser diameter. For the analyses reported
here, all locations were typically cleaned with laser set to a diameter
of 233 μm and subsequently analysed with the laser set to 178 μm.

3.4.1. Tracks
Analysing along tracks has the advantage that high resolution data

can be obtained. When crossing boundaries (e.g. the dentine enamel
junction of pores in bones) thedata becomedifficult to evaluate because
of the delay of the Th ionisation. Fig. 8 shows a track in Wajak H3 (fur-
ther discussed below). Although the bone is reasonably dense (Fig. 8B),
the laser transverses through a sequence of bone material and holes
(Fig. 8A) whichmakes it difficult to define sections that provide reason-
able age estimates. The bin sizes for the age calculations vary dependent
on the track characteristics. The errors are considerable because of the
rapid concentration changes. The calculated ages can scatter significant-
ly because of the Th ionisation characteristics.

3.4.2. Spots
Spot analyses have the advantage that the measurement conditions

of the sample and standard are exactly the same. Spots encountering
holes can be easily eliminated from the data set. Fig. 9 shows the results
of ameasurement sequence of a bone fromNgandong. The bone sample
with 18 sampling spots is bracketed by three spots in the rhino standard
and a further three spots from NBS standard 610 (which is used for the
estimation of U and Th concentrations) (Fig. 9A). It can be seen that the
spot shapes of the standard and bone are somewhat different. Themea-
surements of the standard have flat tops whereas the bone spots have
tilted tops (Fig. 9B). While this makes the evaluation of precise concen-
tration values difficult, it does not affect the calculated isotopic ratios.
3.4.3. Laser drilling
Analyses along cross sections usually require the cutting of a bone.

This is often not feasible for valuable samples. Benson et al. (2013) car-
ried out a series of tests to assess the feasibility of laser drilling to obtain
sequential U-series data from bones and teeth. Fig. 10 shows the cross
sections of the holes drilled into tooth enamel for laser spot diameters
of between 233 and 13 μm. Only the two largest spot sizes (233 μm
and 178 μm) were able to penetrate through the enamel which had a
thickness of 1800 μm. The smaller spot sizes penetrated to a depth
that was approximately 12 to 15 times the spot diameter.

All laser pits are conical. This reflects the higher ablation rate in the
centre of the base of the ablation pit, due to greater diffusive heat loss
from the periphery. Furthermore, with increasing depth, more laser
light is scattered by the conical shape of the hole causing increasing ab-
lation of material from the side walls. This leads to an averaging of the
isotopic signatures. This was tested on two samples that had highly var-
iable isotopic compositions. Sample 2968 contains a 3000 μm thick
enamel section with highly variable 234U/238U and 230Th/234U ratios.
These were measured by both scan and spot analysis (Fig. 11). Subse-
quently, a hole was drilled through the side outer surface of the enamel.
As can be seen in Fig. 11 (lower panel), spot and track analysis yielded
similar results, with small offsets most likely due to slight differences
in the measurements of the standard. The holes yielded isotopic data
in agreement with the scan/spot results to a depth of around 1200 μm
beyondwhich the isotopic ratios becomedominated by recycling ofma-
terial from the side walls. A similar experiment on a bone sample
showed that material recycling started to dominate the isotopic ratios
from a depth of around 1500 μm (Benson et al., 2013). The advantage
provided by laser drilling is that the sample does not require sectioning
and that any visible damage is minute (see Fig. 16, below)
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3.5. Errors in isotope ratios

Mean isotopic values are derived from the integration over either a
given section of a track or the whole time length of the spot analysis.
The sources of uncertainty in the 230Th/238U and 234U/238U ratios include
(i) variation in the count rates in the detectors for sample and standard
due to instability of the ion beam and compositional change during the
ablation process, (ii) isotopic inhomogeneity with depth in the sample,
(iii) spatial isotopic inhomogeneity in the standard, (iv) uncertainties in
the calibration of the standard. When measuring spots, both wash-in
and wash-out sections due to the response time of the system after
the laser is switched on and off are disregarded (Fig. 9C). The relative
errors in these sections may become extremely large. The errors from
beam stability and sample inhomogeneity can be readily calculated
from the scatter of the isotopic ratios of the individual cycles. All errors
in isotope ratios and age estimates in this paper are 2− σ, unless stated
otherwise.

Errors for track data can become very large when the sample is in-
homogeneous because sections with low intensity values can often
not be excluded (see Fig. 8A). When drilling laser holes, the intensity
values decrease with increasing depth (Fig. 16C, below). The errors in
the isotopic ratios increase accordingly.
Background counts are assessed from longer periods (100 to 500 s)
before and after each run when the laser is cut off. Typical background
count rates are in the range of 1 to 4 counts per cycle. Tailing from
238U and 235U into 234U and 230Th is assessed for each sample by mea-
suring at half atomic mass units above and below masses 234 and
230, respectively. Typical tailing counts for a 238 intensity of 1 V are
in the range of 5 to 10 counts per cycle formass 230 and 20 to 40 counts
per cycle for mass 234.

3.6. Solution analysis

To assess the reliability of the laser ablation results, we carried out a
series of solution analysis on bone sections that were previously
analysed by laser ablation. The analytical procedures for sample pre-
parationwere described in Thorne et al. (1999). The samplesweremea-
sured with the NeptunePLUS- MC-ICPMS.

3.7. Comparison of laser ablation and solution results

Fig. 12 shows a comparison between laser ablation spot analysis and
subsequent solution analysis. The samples for the latter were cut from
the measured bone sections and present significantly larger volumes
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than probed by the laser. The solution analyses have much smaller er-
rors. The discrepancies in the assessment of U concentrations are per-
haps not surprising (Fig. 12A) as the laser ablation protocol is not
optimised for the assessment of this parameter. However, the results
for the 234U/238U (Fig. 1B) and 230Th/238U (Fig. 12C) ratios are satisfacto-
ry, apart from one sample (the outlier in Fig. 12B derives from the same
sample as that in Fig. 12C). As the material was used up in the solution
analysis, it is difficult to find an explanation for this result.
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3.8. Application of the DAD model

Unfortunately, the application of the DAD model on data sets is not
straight forward. This is illustrated in Fig. 13. Using all data fromWadjak
hominid 3 (see Storm et al., 2013), the DAD model will return a 2 − σ
age range of 43.4 to 50.4 ka (Fig. 13B). Spots 1 and 2 are characterised
by low U-concentrations with corresponding higher U-series ages.
This may indicate some leaching from the sample. Removing the first
two data points results in a 2 − σ range of 35.1 to 37.9 ka. The latter
range is consistent with those of other samples from the site (see
below).We have to emphasise that at least 60% of the analysed samples
did not provide data sets that could be fitted by the DADmodel. This is a
result of the complexity of U mobilisation that cannot be accounted for
by any simplistic model. Whether or not such samples contain relevant
age information is often difficult to decide (see discussion of the Garba
III samples, below).
4. Applications

4.1. Wadjak

In 1888 and 1890, human remains (Fig. 14)were found in theWajak
site (Java) by Dubois (1922). A critical problem in the interpretation of
their morphology was the absence of age determinations (Storm and
Nelson, 1992), until Shutler et al. (2004) reported a radiocarbon date,
which suggested a Holocene age. This finding was not in disagreement
with Storm’s (1995) interpretation of themorphology of the human re-
mains, the fauna and microlithic artifacts.

The U-series results for Wadjak were recently published by Storm
et al. (2013). The DADmodel could only be applied for one human sam-
ple (WH3, shown in Figs. 8 and 13). The other human samples were too
porous. In addition, three faunal sampleswere analysedwith laser abla-
tion spot analysis and evaluated with the DAD model. Several of the
other samples showed signs of leaching. These points were also exclud-
ed prior to DAD calculations. All samples show consistent age estimates
of older than 35,000 years, i.e. they are considerably older than
Holocene.

When using a single phase Bayesianmodel in OxCal (Bronk Ramsey,
2009a,b), the period of bone accumulationwas predicted to have ended
by 37.4 to 28.5 ka (95.4% probability; Fig. 15). No outliers were identi-
fied by themodel, confirming the consistency of the dataset. The length
of bonedeposition at the site, provided by the Interval function of OxCal,
ranged between 0 and 16.2 ka: the bones may all be identical in age, or
they could range over more than ten millennia.

While the older age of Wadjak does not have particularly significant
implications for human evolution in general, their Pleistocene age
suggests that they may also be relevant to the ongoing debate about
the Ngandong humans (Bartstra et al., 1988; Swisher et al., 1996;
Storm, 2001; Yokoyama et al., 2008; Indriati et al., 2011), possible
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human interactions with Homo floresiensis found at Liang Bua
(Morwood and Jungers, 2009).

4.2. Callao

The sample shown in Fig. 16 is a human tooth from Callao,
Philippines (Mijares et al., 2010). A series of laser drilling analyses was
carried out, a row of 12 holes where the laser was left on for 300 s and
a number of analyses over 1500 s (Fig. 16A, B). The measured isotopes
have the highest count rates at the surface of the dentine after which
the count rates decline as a function of depth (Fig. 16C). The isotope ra-
tios do not change much with depth; only the errors become larger
(Fig. 16D). The isotopic data from the 300 s holes are completely consis-
tent and agree with the data from the deeper hole. The age calculations
indicate an age of around 50 ka, somewhat younger than the U-series
results obtained on a small human foot bone, but essentially the same
as theU-series data from faunal teeth from the site (Mijares et al., 2010).

While the laser holes are clearly visible in Figs. 16A, B, they aremuch
more difficult to see on the original tooth. For future analysis, it is only
necessary to drill a few holes to check for reproducibility and sample
homogeneity. Such holes have little to no visible impact on samples
and can be easily disguised by curators.

Until the U-series analysis of Wadjak and Callao there was no direct
evidence for the early presence of humans in Indonesia and the
Philippines. The two analyses indicate thatmodern humans had already
arrived in south eastern Asia at a timewhen they started tomigrate into
Europe.

4.3. Garba III, Melka Kunture

The Middle Stone Age site of Melka Kunture, 50 km south of Addis
Ababa, Ethiopia (Chavaillon and Berthelet, 2004), has been the subject
of an extensive U-series study. For a first series of samples, it turned
out that all bones showed signs of U-leaching, with all 230Th/234U N N
234U/238U (Grün and Moseley, unpublished data). It was impossible to
calculate any U-series ages. In contrast to the bones, a few teeth had
seemingly finite U-series results. We did observe, however, that the
slow diffusion into the enamel of sample 2968 could perhaps be used
to explore an alternative dating approach, using the decay of 234U (see
above). That led to a second investigation that focussed on high resolu-
tion data from tooth enamel (Moseley, 2013).

The complexity of U-mobilisation is best demonstrated with sample
2957, a bovid tooth (Fig. 17) that has shown finite ages in the dentine
(see spot analysis positions on Fig. 17A). Subsequently, three tracks
were run through different enamel sections.

Starting with Track 2, the U-concentrations are low for cycles 1 to
250 and then rapidly increase to cycle 450 (Fig. 17F).While the increase
in U-concentration is mirrored by the 234U counts, the 230Th counts are
virtually not affected. This means that the increase of the U is a very re-
cent process (probably less than a few hundred years) and is associated
with a 234U/238U ratio of 1.056. In other parts of the enamel the 234U/
238U ratio is around 1.10. The domain with the high U-concentration
has a lighter colour.

From cycle 1 to 90, the 234U/238U ratio is 1.11 ± 0.03 and the 230Th/
234U is 1.09 ± 0.02; from cycle 91 to 210 the 234U/238U ratio is 1.10 ±
0.01 and the 230Th/234U is 0.99 ± 0.01. This can be interpreted two
ways: if the underlying assumptions of the DAD model apply, the
outer section shows a small amount of leaching while the middle por-
tion is in equilibrium. If the system was closed early, the outer portion
is in equilibrium and the middle portion shows a slight amount of U-
uptake. The plot of 230Th/234U vs 234U/238U for cycles 1 to 210
(Fig. 17I) shows a slightly negative relationship supporting U leaching
(see Fig. 4C).

Track 1 shows clear signs of Th diffusion (Fig. 17B, to cycle 100).
Uranium concentrations are high with a minimum around cycle 60.
The 234U mirrors the U-concentrations while 230Th follows 232Th
gradient for the first 100 cycles (Fig. 17B). The 234U/238U ratios gradual-
ly decrease from the outside of the enamel (1.34) towards the enamel
dentine junction (1.03). Apart from Th diffusion, cycles 1 to 40 show
U-leaching (230Th/234U N N 234U/238U; Fig. 17D). The subsequent chang-
es in the 230Th/234U ratios do not match the changes in the 234U/238U
ratios. If we assume that there were two U-uptake processes, an initial
one with 234U/238U = 1.34 proceeding from the outside and a more
one recentwith 234U/238U=1.06 (as observed in Track 2) from theden-
tine/enamel junction, the measured 234U/238U ratios can be used to cal-
culate the U concentrations of the two diffusion components (Fig. 17E).
The U-diffusion from the outside is now clearly linked to the 232Th dif-
fusion and reaches a depth corresponding to cycle 100. The secondary
diffusion returns ages of around 14 ka in cycles 150 to 160 and 31 ka
in cycles 270 to 300, implying that this process is relatively recent
(though somewhat earlier than in Track 2) and fast.

Track 3 shows diffusion of uranium from the cement enamel junc-
tion (Fig. 17J) which is followed by 234U counts, while 230Th counts
show little correlation with the U-concentration for most of the enamel
(cycles 50 to 250, Fig. 17K). The 234U/238U ratios gradually increase
from the cement side to the dentine enamel junction from 1.02 to
1.09 and the 230Th/234U ratios from 0.12 (cycle 20) to 0.25 (cycle 240,
see Fig. 17L). These results are again consistentwith a younger overprint
of some earlier uptake. Here the earlier uptake took place perhaps
around 30 ka and the more recent one after 14 ka.

It can be seen that the different domains of this one tooth underwent
complexUmigration histories. From the detailed analysis it ismost like-
ly that the domain in Track 2 that is close to or in equilibrium yields the
best age information, i.e. that the tooth is older than 500 ka. This domain
has 234U/238U ratios close to 1.1. All other domains either show leaching
or several episodes of more recent U uptake. It is interesting to note that
leached sections of this tooth (and most of the other teeth and bones)
have 234U/238U ratios of around 1.35while the recentU-uptake episodes
have 234U/238U ratios of around 1.06. This is perhaps surprising because
one may expect that 234U is preferably leached because of the α-recoil
during the decay of 238U. It remains to be seen whether these later up-
take phases can be used to extract information of changes in the hydro-
logical system of the surrounding sediments.

Returning to sample 2968 (Fig. 18), which showed the promise of
extending the U-series dating range, it is obvious that the isotopic data
cannot be fitted with the DAD model (Fig. 18C). A close inspection of
the sample shows that leaching, which is clearly visible in the dentine
(spots 14 to 18 with 230Th/234U N N 234U/238U, Fig. 18B) continues into
the enamel. The changes in the 234U/238U ratios are most likely caused
by a secondary overprint with a uranium source that has a 234U/238U
of close to 1.05. This more recent overprint reaches deep into the enam-
el. The complex interaction of U-leaching and secondary U-uptake pre-
vents the calculation of any age estimate. It is puzzling that all bones and
most dentine/cement domains of teeth show strong leaching and little
to no trace of the more recent U-mobilisation phases that are so clearly
recorded in the enamel sections.

5. Conclusions

Before the advent of fast, high-resolution laser ablation analysis, U-
series age estimations on bones were partly guided by educated guess-
work. The new laser ablation data sets demonstrate the complexity of U
migration into, out of, and within skeletal tissues. They also allow the
rapid identification of samples that do not conform to simple, single
stage U-uptake (DA or DAD) models, and should thus be disregarded
for age assessment. Unfortunately, even samples yielding isotopic data
that conform to the U-uptake models only provide age information
relating to the commencement of U-accumulation, which may have
happened a considerable time after the initial burial. As such, most U-
series results on bones and teeth have to be regarded as minimum age
estimates. To compound the problems of U-series analysis of skeletal
tissues, U-leaching seems more common that previously assumed (at
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least by the lead author of this paper). Any researcherwhowants to en-
gage in this field needs to be aware of the limitations and complexities
of this dating approach. In spite of all shortcomings, U-series analyses
of bones and teeth have already led to revisions of previously
established chronologies, as demonstrated by the examples from
Wadjak and Callao. We expect that nearly non-destructive laser abla-
tion U-series analyses of human materials will give us access to many
samples that were hitherto unobtainable from museum collections.
We also expect thatmany samples that were unsuitable for radiocarbon
dating will reveal new chronological insights through laser ablation U-
series analysis.

Future work needs to concentrate on identifying the possible time
lapse between burial and U-uptake. Combined Th/U-Pa/U analyses can
perhaps be used to verify the underlying assumptions of the U-uptake
models but will not give further insights into delayed U-uptake or
massive secondary overprints. These problems can be addressed by
the combination of U-series and ESR data sets on teeth (Grün et al,
1988) once the role of the different CO2

– radicals in tooth enamel is bet-
ter understood (Joannes Boyau and Grün, 2011)
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